The recently identified apolipoprotein A5 gene (APOA5) has been shown to play an important role in determining plasma triglyceride concentrations in humans and mice. We previously identified an APOA5 haplotype (designated APOA5 * 2) that is present in $16% of Caucasians and is associated with increased plasma triglyceride concentrations. In this report we describe another APOA5 haplotype (APOA5 * 3) containing the rare allele of the single nucleotide polymorphism c.56C>G that changes serine to tryptophan at codon 19 and is independently associated with high plasma triglyceride levels in three different populations. In a sample of 264 Caucasian men and women with plasma triglyceride concentrations above the 90th percentile or below the 10th percentile, the APOA5 * 3 haplotype was more than three-fold more common in the group with high plasma triglyceride levels. In a second independently ascertained sample of Caucasian men and women (n ¼ 419) who were studied while consuming their self-selected diets as well as after high-carbohydrate diets and high-fat diets, the APOA5 * 3 haplotype was associated with increased plasma triglyceride levels on all three dietary regimens. In a third population comprising 2660 randomly selected individuals, the APOA5 * 3 haplotype was found in 12% of Caucasians, 14% of African-Americans and 28% of Hispanics and was associated with increased plasma triglyceride levels in both men and women in each ethnic group. These findings establish that the APOA5 locus contributes significantly to inter-individual variation in plasma triglyceride levels in humans. Together, the APOA5 * 2 and APOA5 * 3 haplotypes are found in 25-50% of African-Americans, Hispanics and Caucasians and support the contribution of common human variation to quantitative phenotypes in the general population.
INTRODUCTION
Increased plasma triglyceride levels are associated with atherosclerotic heart disease, the leading cause of death in the United States (1, 2) . Plasma triglyceride levels vary widely both among and within individuals and environmental factors that confer coronary risk, such as cigarette smoking, obesity and lack of exercise are frequently associated with elevated plasma triglyceride concentrations (3, 4) . Data from nuclear families (5-7) and twin studies (8, 9) indicate that triglyceride levels are also strongly influenced by genetic factors, although the heritability estimates vary widely (20-80%) among different studies. While heritability estimates based on nuclear families are potentially confounded by the fact that relatives who live together share environment as well as genes, the similarity of plasma triglyceride levels in identical twins reared apart provides compelling evidence that genetic polymorphism is a major cause of inter-individual variation in plasma triglyceride concentrations (9, 10) .
Several studies have attempted to identify specific genetic determinants of plasma triglyceride concentrations. Since triglyceride concentrations do not segregate in a clearly Mendelian fashion in most families, the majority of studies have sought statistical associations between DNA sequence polymorphisms in candidate genes and plasma triglyceride concentrations in cohorts of unrelated patients. Most of the associations reported have been modest and difficult to reproduce (11, 12) . The most consistent association observed to date has linked a rare allele at the APOA1/C3/A4 locus to increased plasma triglyceride concentrations (13) . The allele, defined by a G to C substitution in the 3 0 untranslated region of the APOC3 gene that interrupts a recognition site for the restriction enzyme SstI, has been associated with hypertriglyceridemia in a variety of different ethnic groups (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) .
More recently plasma triglyceride concentrations were found to be strongly associated with polymorphisms in a newly identified apolipoprotein gene, APOA5. APOA5 was discovered when 200 kb of orthologous sequence spanning the APOA1/C3/A4 gene cluster were compared in humans and mice (25) . Studies in mice that were genetically modified to either overexpress or lack apoA5 provided direct evidence that the protein product plays a role in plasma triglyceride metabolism (25) . Plasma triglyceride concentrations were decreased by $66% in mice overexpressing a human APOA5 transgene and were increased four-fold in mice in lacking apoA5. To determine if sequence variation in APOA5 contributed to differences in plasma triglyceride levels in humans, association studies were performed. A minor haplotype of APOA5 (APOA5 * 2, Fig. 1B ) defined by three polymorphisms (c.1259T>C, IVS3 þ 476G>A and À1131T>C, designated SNP1, SNP2 and SNP3, respectively) was associated with a 20-30% elevation in plasma triglyceride levels in 500 unrelated Caucasian men and women (Berkeley Lipid Study Population) (25) . Analysis of the APOC3 SstI polymorphism in these individuals indicated that the association was not due to effects of this previously defined neighboring SNP (25) . The association was confirmed in an independently ascertained cohort of Caucasian men and women. The APOA5 * 2 haplotype was more than three-times as common in individuals who had plasma triglyceride concentrations greater than the 90th percentile than in those with plasma triglyceride levels below the 10th percentile for age and sex (stratified population).
Taken together, these data indicate that APOAV plays an important role in plasma triglyceride homeostasis and that polymorphisms in APOA5 are associated with variation in plasma triglyceride levels in humans. The present study was undertaken to further define the relationship between sequence variations in APOA5 and plasma triglyceride levels in humans. DNA sequencing was used to screen the coding region and proximal promoter of APOA5 for DNA sequence variations in a large number of hypertriglyceridemic individuals and the polymorphisms identified were tested for association with plasma triglyceride levels in three independently ascertained groups of individuals. Our data indicate that 25-50% of individuals in three major ethnic groups (African-Americans, Hispanics and Caucasians) carry at least one of two APOA5 haplotypes that are independently associated with elevated plasma triglyceride concentrations. These findings support the theory that common genetic variation in the general population significantly contributes to quantitative phenotypes in humans.
RESULTS

DNA sequencing
Screening of the coding regions and intron-exon boundaries of APOA5 in 116 hyperlipidemic individuals revealed 9 new DNA sequence variations (Fig. 1A) . An A to G substitution 3 nucleotides upstream of the initiation codon (c.À3A>G) was found to be in strong linkage disequilibrium with three previously described polymorphisms (c.1259T>C, IVS3 þ 476G>A and À1131T>C, Fig. 1B ) that define the APOA5 * 2 haplotype previously associated with increased plasma triglyceride concentrations (25) . The A to G substitution results in a conservative change at position À3 in the predicted translation initiation consensus sequence (26, 27) . A common nonsynonymous substitution was also identified which results in a C to G substitution (c.56C>G) changing codon 19 from serine to tryptophan in 23 individuals. A second nonsynonymous substitution (c.944C>T) that changed codon 315 from alanine to valine was identified in two hyperlipidemic individuals. This conservative substitution did not co-segregate with hyperlipidemia in the family members of one of these individuals (data not shown) and was not found in 108 normolipidemic individuals, therefore no further studies of this polymorphism were undertaken. The other six polymorphisms, including three silent substitutions (c.132C>A, c.695C>G, c.738C>T) and three polymorphisms each found only in single individuals (IVS2 þ55G>C and c.1132C>T and c.1156 G>A in the 3 0 UTR) were not evaluated further.
Allele frequency and linkage disequilibrium
Five polymorphisms were found to define three common haplotypes (denoted APOA5 * 1, APOA5 * 2, and APOA5 * 3) in 419 unrelated Caucasian individuals (Berkeley Lipid Study Population; these samples were previously described in ref. 25 ; Fig. 1B ). These three haplotypes represented 82%, 8% and 8% of the APOA5 chromosomes examined and thus comprise $98% of APOA5 haplotypes in this population. APOA5 * 2 is distinguished from the common haplotype (APOA5 * 1) by four nucleotide substitutions (À1131T>C, c.À3A>G, IVS3þ 476G>T and c.1259T>C) and was previously shown to be associated with increased plasma triglyceride levels (25) . APOA5 * 3 is distinguished from the common haplotype by the substitution of G for C at nucleotide c.56 (codon 19 in the amino acid sequence). To determine the relative frequencies of the À1131T>C polymorphism in African-Americans and Hispanics, this variant was assayed in the DHDPP population. The allele frequency was significantly higher in AfricanAmericans (0.12) and Hispanics (0.16), than in Caucasians (0.06, P < 0.001). The frequency of the W19 allele (which defines haplotype APOA5 * 3 in Caucasians) was similar in African-Americans (0.07) and Caucasians (0.06), but was substantially higher in Hispanics (0.15, P < 0.001 compared to African-Americans).
Association studies
To test for association between the common nonsynonymous polymorphism identified in this study (S19W) and plasma triglyceride concentrations, the allele frequencies at this locus were compared in Caucasian men and women who had plasma triglyceride concentrations above the 90th percentile or below the 10th percentile for age and sex (stratified population). To eliminate confounding by the APOA5 * 2 haplotype that was previously associated with high plasma triglyceride levels (25) , individuals who carried this haplotype were excluded. In both sexes, the rare allele at codon 19 (W19) was significantly more common in individuals with plasma triglyceride levels above the 90th percentile than in those with plasma triglyceride levels below the 10th percentile (Table 1 ). Since individuals with the À1131C allele were excluded, the association between the S19W polymorphism and plasma triglyceride concentrations is independent of the APOA5 * 2 haplotype that was previously shown to be associated with increased plasma triglyceride levels (25) . To further assess this association, the S19W polymorphism was assayed in 419 healthy independently-ascertained Caucasians (354 men and 65 women) (Berkeley Lipid Study Population). Baseline blood samples were obtained from these individuals on their self-selected diets and additional samples were drawn following the consumption of a defined highcarbohydrate or high-fat diet (a further description of these samples can be found in ref. 25 ). On all three diets, individuals Table 1 . APOA5 genotypes in men and women with high (>90th percentile) and low (<10th percentile) plasma triglyceride concentrations (stratified population)
Values are numbers of individuals in each group. The percentage of individuals with the genotype is given in parentheses. All individuals were homozygous for the À1131T allele that defines the APOA5 * 2 haplotype. P values were calculated using Fisher's exact test. (31)). The three depicted haplotypes account for 97.6% of all haplotypes, none of the other predicted haplotypes had a frequency of greater than 1%. The minor alleles that define the haplotypes are highlighted in bold. In an independent Caucasian population, we find the APOA5 * 1, APOA5 * 2 and APOA5 * 3 haplotype frequencies are 83.4%, 8.0% and 8.4%, respectively. These samples are from 367 unrelated Caucasian individuals of Northern European descent, collected in the Midwest.
who were heterozygous for the W19 allele and who lacked haplotype APOA5 * 2 had significantly higher plasma triglyceride concentrations than did individuals homozygous for the S19 allele ( Table 2 ). The increase in mean plasma triglyceride levels associated with a single copy of the W19 allele was $36%, which is similar to the increase in triglyceride levels associated with APOA5 * 2 haplotype ($32%) in other members of this study (25) . The five individuals containing both the rare À1131C and W19 alleles (which define APOA5 * 2 and APOA5 * 3, respectively) had an increase in mean plasma triglycerides of 85% compared to individuals homozygous for both the À1131T and S19 alleles (APOA5 * 1 haplotype).
To determine if the W19 allele was associated with increased plasma triglyceride concentrations in other ethnic groups, the S19W polymorphism was assayed in a random sample of 1392 African-American, 420 Hispanic and 848 Caucasians (DHDPP Population). In both sexes of all three ethnic groups, both the mean and the median plasma triglyceride concentrations were higher in W19 heterozygotes than in S19 homozygotes ( Table 3) . The difference was significant at the 0.05 confidence level for African-Americans and Caucasians in both sexes, but did not achieve the nominal significance threshold in Hispanics (P ¼ 0.087 and 0.057 for men and women, respectively), presumably due to the smaller sample size in this group. In this population, the previously described À1131C allele was associated with increased plasma triglyceride concentrations in Hispanic men and women and in Caucasian men, but not in African-American men and women or in Caucasian women (Table 4) (25) .
To determine the relative risk of hypertriglyceridemia conferred by the W19 allele, the proportion of individuals with each genotype who had plasma triglycerides exceeding the 90th percentile for their sex and race was calculated in 2660 randomly selected individuals. The proportion of individuals with plasma triglycerides exceeding the 90th percentile increased from 9% of SS homozygotes to 15% of SW heterozygotes and 37% of WW homozygotes, giving odds ratios of 1.8 (95% confidence interval 1.3 to 2.6, P < 0.001) for SS versus SW and 5.6 (95% confidence interval 2 to 15, P < 0.001) for SS versus WW, respectively. The risk of high plasma triglyceride levels (>90th percentile) was significantly greater in WW homozygotes than in SW heterozygotes (P < 0.04, Fisher's exact test). Essentially identical results were obtained when individuals with the À1331C allele were excluded. Among individuals who were homozygous for the S19 allele, the odds ratio for high plasma triglycerides was not increased among À1131TC heterozygotes (odds ratio 1.2 with respect to À1311TT, P > 0.3), but was significantly increased among À1131CC homozygotes (odds ratio 4.5, P < 0.005). The odds ratio for hypertriglyceridemia was higher among individuals carrying both the W19 and the À1131C alleles than among individuals carrying only one of these alleles (1.77, 95% confidence interval 0.83-3.76, P ¼ 0.14) although the difference did not achieve the 0.05 significance level, presumably because of the small number of compound heterozygotes.
DISCUSSION
Plasma triglyceride concentrations reflect a complex interaction between multiple genetic and environmental factors. To further define the genetic factors that predispose to elevated plasma triglyceride concentrations, we screened the APOA5 gene in individuals with hypertriglyceridemia. DNA sequencing revealed 9 new sequence variations, including a C to G substitution (c.56C>G) that changed codon 19 from serine to tryptophan. The W19 allele defines a new haplotype (APOA5 * 3) that was significantly more common among men and women with high plasma triglyceride concentrations (>90th percentile for age and sex) (stratified population) and was systematically associated with increased plasma triglyceride concentrations in men and women from three different ethnic groups (African-American, Hispanic and Caucasian) (DHDPP Population). The effect of the APOA5 * 3 haplotype on plasma triglyceride levels was also evident in individuals APOA5 haplotypes * 1, * 2, and * 3 are defined by the two SNPs S19W and À1131T>C (see Fig. 1B ). Differences among genotypes were analysed by one way ANOVA using STATVIEW 4.1 software (Abacus Concepts, Inc, Berkeley, CA). Values are given in mg/dl AE SEM. Three individuals were homozygous for APOA5 * 2. Their plasma triglyceride levels were 147, 386 and 95 mg/dl. Two individuals were homozygous for APOA5 * 3. Their plasma triglyceride levels were 127 and 250 mg/dl. VLDL mass and ApoB levels were not determined under baseline dietary conditions in this population.
consuming three different dietary regimens and was independent of the APOA5 * 2 haplotype that was previously associated with increased plasma triglyceride levels (Berkeley Lipid Study Population) (25) . Taken together, these data provide compelling evidence that polymorphisms in the APOA5 gene confer heritable variation in plasma triglyceride levels and firmly establish a role for APOAV in human triglyceride metabolism. All 9 of the DNA sequence variations identified in this study were single nucleotide substitutions. Seven of these, including two rare noncoding variants, four silent substitutions, and a rare nonsynonymous substitution that did not segregate with elevated plasma triglyceride concentrations in a nuclear family, are unlikely to be important sources of inter-individual variation in plasma triglyceride levels. The other two polymorphisms (À3c.A>G and S19W) were both associated with increased plasma triglyceride concentrations. The c.À3G substitution forms part of the APOA5 * 2 haplotype that was previously shown to be associated with increased plasma triglyceride concentrations (25) , whereas the W19 allele is part of a different haplotype, APOA5 * 3 that is independently associated with increased plasma triglyceride concentrations.
Several other polymorphisms in the apolipoprotein A1/C3/ A4/A5 gene cluster have been shown to be associated with plasma triglyceride levels in different studies, the most prominent being the SstI polymorphism in the 3 0 UTR of APOC3. In order to assess the effect of this and other polymorphisms on plasma triglyceride levels in our Caucasian cohort (Berkeley Lipid Study Population), we genotyped the SstI polymorphism in APOC3, the À455 and À482 polymorphisms in the APOC3 promoter and the XmnI polymorphism in the 5 0 flanking region of APOA1 (for a review, see ref. 13 ). None of these polymorphisms showed any significant association with plasma triglyceride levels under any of the dietary conditions. This further supports the notion that the effect detected with haplotypes APOA5 * 2 and APOA5 * 3 in our study are due to sequence variants in APOA5 and not polymorphisms in the neighboring apolipoprotein genes.
The proportion of individuals with plasma triglycerides exceeding the 90th percentile increased from 9% of S19 homozygotes to 15% of S19W heterozygotes and 37% of W19 homozygotes. Thus while each additional copy of the W19 allele significantly increased the risk of high plasma triglyceride levels, most carriers of W19 had normal plasma triglyceride levels and even homozygotes were not invariably hypertriglyceridemic. The increase in mean plasma triglyceride levels associated with the W19 allele varied among the different sexes and ethnic groups, ranging from 23 mg/dl in Caucasian women to 94 mg/dl in Caucasian men, averaging 43 mg/dl in the entire Dallas Heart Disease Prevention Project (DHDPP) sample. The effect of the APOA5 * 2 haplotype on plasma triglyceride levels also showed gender and ethnic specific effects on plasma triglyceride levels. The mechanisms underlying these gender and ethnic specific associations are not known, but the data are consistent with the notion that the two haplotypes do not produce categorical hypertriglyceridemia in most individuals, but act as modifier alleles for plasma triglyceride concentrations. Populationwide, the frequency of APOA5 * 2 and APOA5 * 3 is considerable: 35% of African-Americans, 53% of Hispanics and 24% of Caucasians carry at least one of these two minor haplotypes which have been associated with increases in plasma triglyceride levels.
The results of this study raise two important questions concerning the role of APOAV in triglyceride metabolism and atherosclerosis. First, the specific role of APOAV in plasma triglyceride transport has not been defined. Therefore the mechanisms underlying the association between the APOA5 * 2 and APOA5 * 3 haplotypes and plasma triglyceride concentrations are not known. In mice, apoA5 deficiency is associated 
Values are plasma triglyceride concentrations (mg/dl). For groups represented by only two individuals, the individual plasma triglyceride concentrations are given. One-sided P-values were calculated using Wilcoxon's test.
with increased plasma triglyceride concentrations (25) , therefore we predict that APOA5 * 2 and APOA5 * 3 influence triglyceride levels by decreasing APOA5 function. The APOA5 * 2 haplotype does not contain any nonsynonymous substitutions and presumably acts by decreasing the amount of APOAV entering the circulation. The substitution of G for A at position À3 in a critical nucleotide of the Kozak consensus sequence may impair translation of mRNAs transcribed from this allele. In the APOA5 * 3 haplotype, the substitution of tryptophan for serine at codon 19 alters the predicted signal sequence of APOAV and may result in decreased secretion of the protein, although we cannot exclude the possibility that this substitution has other effects on APOAV protein function. Alternatively, other as yet unidentified nucleotide substitutions that are in linkage disequilibrium with the W19 allele may be responsible for the association observed between the W19 allele and plasma triglyceride concentrations. Second, the role of increased plasma triglyceride concentrations in atherogenesis remains controversial. The identification of alleles that are directly associated with increased plasma triglyceride concentrations provides a means to address this question. Nordestgaard et al. (28) reported that a rare allele of lipoprotein lipase (G188Q) associated with increased plasma triglyceride levels was significantly more common in patients with documented coronary heart disease than in the general population. However, the frequency of the G188Q allele was less than 0.1% in the general population, therefore the effective sample size of the study was very small. The increase in plasma triglyceride levels associated with the G188Q allele (70 mg/dl) was comparable to the increase associated with the APOA5 * 3 haplotype in Caucasian men in the present study. Since both the APOA5 * 2 and APOA5 * 3 haplotypes are relatively common, studies of the association between these haplotypes and coronary heart disease may provide insights into the role of hypertriglyceridemia in atherogenesis.
MATERIALS AND METHODS
Subjects
The study protocols were approved by the appropriate institutional review boards. Fasting blood samples were obtained from: i) 116 hyperlipidemic patients including 34 with Type III hyperlipidaemia, 10 with familial combined hyperlipidemia, 24 with LDL cholesterol levels exceeding the 90th percentile and 48 patients with plasma triglyceride levels exceeding 500 mg/dl; ii) 82 Caucasian men and 50 Caucasian women who were homozygous for the common allele of SNP3 (À1131T) and who had plasma triglyceride concentrations above the 90th percentile for age and sex and an equal number who were homozygous for the common allele of SNP3 (À1131T) and had plasma triglyceride concentrations below the 10th percentile for age and sex (stratified population); and iii) 2660 residents of Dallas County selected at random from census tracts who participated in the Dallas Heart Disease Prevention Project (DHDPP), a population-based study of atherosclerotic heart disease. The sample included 1392 African-Americans, 420 Hispanics and 848 Caucasians. DNA samples were also obtained from healthy, nonsmoking, Caucasian men (n ¼ 354) and women (n ¼ 65) who had participated in previous dietary intervention protocols and had plasma cholesterol levels below 260 mg/dl and plasma triglyceride levels below 500 mg/dl (Berkeley Lipid Study Population) (25, 29) .
DNA sequencing
The exons and flanking intron sequences of the APOA5 gene were screened for sequence polymorphisms in 116 hyperlipidemic individuals by DNA sequencing. These individuals were only used for polymorphism discovery. DNA fragments of 
$400 bp each spanning an exon and the adjacent intronic sequences or the proximal promoter sequence were PCR amplified and sequenced using BigDyeTerminator Cycle Sequencing reagents on an ABI3100 automated sequencer.
SNP genotyping
The S19W polymorphism was assayed using PCR-RFLP and PCR Invader assays (Third Wave Technologies, Madison, WI) as described previously (Olivier et al., submitted for publication). All PCR primers and probes used in biplex Invader assays for this study are listed in Table 5 . As an alternative approach to assay the S19W polymorphism, oppositelyoriented oligonucleotides (AV1-F 5 0 TGCTCACCTGGGCT-CTGGCTCTTC and AV1-R 5 0 CCAGAAGCCTTTCCGTG-CCTGGGCGGC) were designed with a single nucleotide mismatch such that the C to G substitution that changes codon 19 from serine to tryptophan creates an EagI site. PCR was performed in 20 ml volumes containing 50 mM KCl, 10 mM Tris (pH 8.3), 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 1 U of Taq DNA polymerase and 200 pM of each primer. Reactions were performed in a PTC-200 Thermal cycler (MJ Research) using an initial denaturation step of 96 C for 2 min, followed with 30 cycles of 94 C for 15 sec, 70 C for 20 sec and 72 C for 30 sec. The PCR products were digested for 3 h at 37 C with 7 U of EagI (New England Biolabs) in buffer provided by the manufacturer and analysed by electrophoresis in 3% agarose gels.
The À1131T>C polymorphism was analysed by mass spectrometry using the MassArray system (Sequenom Corporation) (30) . The polymorphisms c.56C>G, c.À3A>G and c.457G>A are available in dbSNP under accession numbers ss4383597, ss4383596 and ss4383598, respectively.
Statistical analysis
Statistical analyses were carried out using the SAS computer program. Plasma triglyceride concentrations were compared among different genotype groups using Wilcoxon's test. Allele frequencies were compared using Fisher's exact test. To determine pairwise linkage disequilibrium (LD) between SNPs, haplotype frequencies were estimated for 353 unrelated individuals using the Expectation-Maximization (EM) algorithm implemented in the computer program ARLEQUIN v. 2.0 (31). Predicted frequencies were compared to haplotype frequencies in grandparents of ten CEPH Utah families and an independent cohort of 171 Caucasian families. For these sample sets, haplotypes were determined using the HAPLO option of the GENEHUNTER software package (32). 
